Structural Health Monitoring (SHM) of Tension Leg Platform (TLP) is very crucial for preventing catastrophic and sudden collapse of the structures. One of the methods of monitoring these structures is implementing SHM sensors. Supplying energy for these sensors for a long period is a challenging problem. So, one of the new methods of supplying energy for SHM, is usage of mechanical energy. In this method, the piezoelectric material is employed to convert the mechanical energy which is resulted from vibration of structure, to electrical energy. The advantage of this method is based on not implementing the battery charging system. Therefore, in this paper, after modeling TLP structure, energy supplying of these sensors with piezoelectric converters is studied. Furthermore, fault diagnosis of these structures in the presence of different uncertainties is proposed by the features of voltage signal, produced from piezoelectric patches and fuzzy classification method. Results show that this method can diagnose faults of the structure with an acceptable success rate.
INTRODUCTION
Oil platforms are a type of offshore structures which are used in the oil industry in the case of exploration, storage and production of oil. These structures are divided into two types of fixed and floating structures. The demand of exploration oil in deeper oceans has made floating structures more popular. An example of floating oil platforms which is considered in this paper is Tension Leg Platform (TLP). TLP structures are affected by wave and wind forces which can also affect reliability of these structures. Furthermore, stability of TLP structures is highly dependent on tendons. Many studies are done about modeling TLP structures. Adrezin et al (1996) reviewed the dynamic response of compliant towers. Yigit and Chrostoforou (1996) studied the coupled vibration of the oil well drill strings in compression and also they solved the equations of motion by using the assumed model method. Furthermore, they concluded that the coupled model at a lower load yields an unstable behavior in comparison of the uncoupled model. Han and Benaroya (2002) modeled a vertical member of compliant offshore structure as a beam which is undergoing bending and extension. Also the beam has a point mass and is subjected to an axial load at the free end. Additionally, they compared linear and non-linear responses and they showed that the transverse response of the linear model is as good as the non-linear coupled models and also they noticed that for the axial vibration response, the non-linear coupled method is more suitable. Patel and Park (1991) studied the combined axial and transverse response of tethers of a tensioned buoyant platform. Moreover, they concluded that the combined excitation gives greater amplitude of vibration. By using Hamilton's variational principle, Gadagi and Benaroya (2006) derived a set of non-linear equations of motion for a coupled axial and transverse vibration of a tether subjected to end tension. Furthermore, they analyzed the effect of tension on the dynamic behavior of structure and it was observed that, by increasing the axial force frequency, only the axial response is influenced, and the transverse response remains similar. Goo et al (2007) described a numerical method for predicting structural response of a flexible TLP which is subjected to the wave forces, and also they compared numerical results with the experimental ones. Rudman and Clearly (2013) studied the effect of wave impact angle on the platform motion and also they determined how pre-tension modifies motion of the platform and behavior of mooring lines. Additionally, they concluded that the wave angle has a little impact on the broad nature of the platform dynamics and the maximum tension in mooring cables is highly dependent on impact angle. Taflanidis et al (2013) determined dynamic response of the platform, by considering the uncertainties related to the excitation characteristics such as significant wave height or uncertainties related to the TLP model properties such as, Young module of tendons and they concluded that uncertainties related to excitation characteristics are the dominant risk factors. Sengupta and Ahmad (1996) studied reliability of the TLP structure with respect to the maximum and minimum tendon stress under stochastic excitation, they also determined the optimum strength of tethers for the maximum expected life of the platform. Kim and Yang (2010) studied the transient effect of tendon disconnection on the performance of the TLP during harsh environmental conditions and they observed that heave and pitch natural periods are affected by the tendon breakage.
Moreover, offshore platforms are greatly susceptible to damage due to the continuous action of waves; thus, monitoring these structures is important. There are different methods of SHM for offshore structures. One of the methods of monitoring these structures is using wireless sensors. In the case of preventing costs due to destruction, these sensors report the condition of structure continuously and alarm whenever there is damage in the system. Several researches have been done about SHM of offshore structures. In order to monitor offshore structures, Mangal et al (2001) proposed the use of vibration parameters from impulse and relaxation methods and they observed that the impulse and relaxation methods are highly effective in detection of structural damages. Mojtahedi et al (2011) investigated a work on an experimental laboratory model of a jacket platform in the case of health monitoring this type of structures. They also conducted experimental vibration tests on a platform model to obtain dynamic characteristics and compared it with the initial FE-model of the undamaged structure. They observed that the technique is effective for damage diagnosing. Malekzehtab and Golafshani (2013) investigated the application of finite element model in damage detection of a jacket platform, where the objective function of this method includes natural frequency and mode shapes. Furthermore, they concluded that, this method can detect the damage acceptably even if the data are not accurately obtained. An alternative way for structural health monitoring, is implementing the wireless sensors. However, supplying energy of these sensors is undesirable due to some reasons such as: the batteries are bulky and they have a limited life. Recently, progresses in compact circuit technologies like sensors and wireless systems have made it possible to use autonomous systems. These systems do not need an independent source for supplying energy and they can obtain it from environmental energy sources such as solar energy, wind energy and thermal gradients, Nagayama et al (2010) , Park et al (2010) , Farinholt et al (2010) . But, each of the mentioned environmental resources has their own problems. In this regard, researchers proposed new methods for supplying energy such as using the implemented piezoelectric material in order to convert mechanical energy to electrical energy. Taylor et al (2001) designed a harvesting energy system which uses piezoelectric polymers to convert the mechanical flow energy, available in rivers to electrical power. Murray and Rastegar (2009) presented a new two stage electrical energy generator to buoyant structures. The generators used the buoy's interaction with the sea waves as a low speed input to an initial system, thus this work excites an array of vibratory elements (secondary system) into resonance and harvesting energy from piezoelectric elements. The advantage of this system is that, by having two decoupled systems, the low frequency and varying buoy movement are changed to constant frequency or extremely higher frequency mechanical vibration. Wang et al (2014) considered a sea wave energy harvester from longitudinal wave motion of water particles. Also they studied the effect of harvester and wave parameters on output electrical power generated from piezoelectric energy harvester according to the Airy linear wave theory. Mirab et al (2015) investigated energy harvesting from sea waves with consideration of Airy and JONSWAP theory. Also they optimized parameters of energy harvester by simulated annealing algorithm.
By reviewing former studies it can be noted that, harvesting energy from TLP in the case of preparing the energy for health monitoring of these structures has not been studied up to now. In this paper, TLP is modeled as a vertical beam and the governing equations of the TLP are derived. For energy harvesting, the piezoelectric patches are attached to the beam. Also, the effects of TLP's parameters on the output energy have been investigated. As know the uncertainties play an important role on the vibration responses of system. Therefore, the uncertainties related to wave characteristics and TLP model properties are considered and determined by uniform distribution of random numbers. Finally, fault diagnosis of the system is determined by using the fuzzy classification method and output voltage. For this purpose, at first some damages are applied to the structure and by using fuzzy classification method, location and intensity of the damage is determined.
The general frame of the present study can be summarized as follow: The TLP structure is modeled and the vibration equation of the model under excitation of sea waves is derived in Section 1. Furthermore the Airy wave theory is introduced and explained. Also, the output power is determined from the vibration response. In Section 3, the fault diagnosis discussions of the TLP structure and also the fuzzy classification method are explained concisely. Section 4 includes the simulation of the structure which is done by Matlab software and results of the simulation are introduced in this section. Finally the conclusions are presented and discussed in section 5.
VIBRATION EQUATION OF TLP MODEL UNDER EXCITATION OF SEA WAVES
A TLP structure which includes, deck, hull, pontoon, risers, tendons and foundation template is shown schematically in figure. 1. In the case of studying vibrational behavior of this structure under excitation of sea waves, TLP structure is modeled as figure. 2. Deck, hull and pontoon which are called platform of the structure is modeled by a point mass, also risers and tendons are modeled. Moreover, the joint at the ocean floor is modeled by a torsional spring. 
Where 0 N is the axial force applied to the beam, EI is the bending rigidity, A is the cross section area of the beam, r is the density of the beam, ( , ) v x t is the longitudinal displacement of the beam at position z and ( , )
H f x t is the force resulted from sea waves.
The axial force is calculated by Eq. (2) and the horizontal force resulted from sea waves, ( , ) H f x t , is defined by Morison equation which is shown in Eq. (3) (Morison et al, 1950) . 
Airy Wave Theory
Airy wave theory which is also known as small amplitude wave theory or sinusoidal shaped wave theory, is the simplest description of the regular surface waves. In this theory it is assumed that, sinusoidal shaped waves and amplitude of waves are smaller in comparison of wavelength and water depth. According to this theory the surface elevation, horizontal velocity and acceleration of water particles are computed from Eqs. (4) to (6)(Ramachandran et al).
Where H , T , k and w¢ are wave height, time period of wave, wave number and angular wave frequency respectively, also for determining angular wave frequency and wave number in shallow water, Eq. (7) 
Where 2 2 2
Vibration Response and Output Power
By having the force magnitude applied to the energy harvester, response of Eq. (1) can be determined by applying mode summation and variable separation method, as it can be seen from Eq. (10):
Where ( ) V x is the shape mode function and ( ) q t is the response in the time domain. Mode function for transverse vibration of the beam is expressed as:
Where , a b are determined by Eq. (12) as follow: (13) (displacement is zero at the joint and bending moment is equal to moment of torsional spring. Also, bending moment of the beam is zero at the free point. In addition, the shear force of the beam is equal to inertial force of the point mass). 
:
By consideration of the mentioned boundary conditions, Eq. (13) 
sin cos sinh cosh 0 0
Where
In order to solve Eq. (14), determinant of coefficient matrix should be zero. Character equation of system is determined and the roots of the equation are the natural frequencies of the system. ( ) i q t for the Airy wave theory is determined as follow: 
Where 1 i G and 2 i G are introduced as:
In the case of harvesting energy, piezoelectric patches are attached to the beam. Patches are vibrated due to the sea waves and electrical power is generated because of the dynamical strain in the piezoelectric layers. With knowing the displacement function of the beam affected by the wave force, the electrical charge and voltage produced by piezoelectric patches in time is described in Eqs. (18) and (19) (Lee and Moon, 1990) . 
( ) 2 r ( , ) 
Where 31 e , 1 h , v c¢ , a and N are piezoelectric coefficient, thickness, electrical capacity per unit weight, length and number of the patches respectively. The generated output power in time t , can be written as:
Finally, the average value of output power is calculated from Eq. (21) where T ¢ is the total time. 
FAILURE DIAGNOSIS WITH FUZZY CLASSIFICATION METHOD
Fuzzy logic is a unique soft computing method which handles numerical data and linguistic knowledge at the same time, and basis of this logic is fuzzy set. Membership of this set is determined by membership function ( ( ) x m ) which can have a value between zero to one. The most common forms of membership functions are triangle, trapezoidal and Gaussian form. Selection of function shape is related to user's experience. It should be noted that, these functions can overlap with each other and usually, these forms are normalized between zero to one. Fuzzy systems are based on mapping of feature vector (for input) into a scalar value (for output) (Kosko, 1997) .
A fuzzy system typically includes multiple inputs ( m V R Î ) in a format of vector with dimension of (number of input variables) and one output (W R Î ), and the mapping from input to output ( :
) consists four stages of rules, fuzzifier, fuzzy inference engine, and defuzzifier. Rules can be obtained by expert users or specific numerical data. Fuzzifier, maps crisp input to fuzzy sets. This includes the activation of these laws, numerically inference engine maps the fuzzy sets related to input to fuzzy sets related to output by determining the combination of fuzzy sets. In this paper, these rules are considered at first: 
In the latest equation, * can be considered as a minimizer or product operator. The algebraic product is more commonly used and maps fuzzy sets of inputs into crisp values. Most of the defuzzification methods in engineering field include maximum matching and centroid defuzzification which is used for control problems and pattern matching problems respectively. Fuzzy classification which has been described by fuzzy logics in this paper will be explained in application form. First of all it should be noted that, in classification problem, output set is considered as crisp set and it only shows the number of class for undamaged system. Hence in Eq. (23) we should have (Chandrashekhar and Ganguli, 2009 ):
Suppose that, there are M fuzzy rules in a fuzzy system to produce class C j ( M 1,2,..., j = ) and so, in Eq. (18) related to i F are considered as Gaussian membership function. Thus, the average value and variance of each Gaussian membership functions are considered equal to average value and variance of resulting features. Before the classification, parameters of Gaussian distribution should be adjusted and this is called training part in fuzzy classification method. Inference and defuzzification stages will be introduced in next part which can specify class number. Assume i D is the measurements of the antecedent conditions of the i th rule, which is expressed as follow:
Where m is the number of inputs and , l i m is the degree of membership of parameter l in the fuzzy region that the i th rule occupies.
(Maximum matching degree of the rules generating class C * i ) is described as follow:
Where * i is the crisp output which is equal to number of class related to C * i .
In this paper, fuzzy classification is trained with simulated data of structure in order to diagnose faults. Hence, for input data of fuzzy sets of structure's each condition, Gaussian membership function is used and is described as: 
Where m is the mean value and σ is the standard deviation of the specific class which is an important stage for fuzzy classification system. In other words, by modeling the structure in damaged and undamaged condition, response of the structure is determined and appropriate features of this response are assumed as input for fuzzy system. Then, average and variance values of these features are calculated and membership functions of these features are defined in each class. Simulation steps will be described in next part.
SIMULATION AND RESULTS
Properties of the beam, piezoelectric patches and characteristics of the waves which are used in simulation are given in Tables 1, 2 and 3 respectively. By considering these properties, equations of the energy harvester system are solved by programming in Matlab and so, vibration response is determined. Consequently, the output power produced from energy harvester is calculated. For validation of the system, vibration response of a specific point of the beam is computed and frequency response is determined (figures 3 and 4). As it can be seen from figure 4, the resulted frequencies are equal to natural frequencies of the beam and wave frequency. It should be noted that, natural frequencies of the system which are the roots of the character equation, is equal to 0.121, 0.323, 0.368 Hz and wave frequency is equal to 0.2 Hz. The effects of the point mass and wave height on the root mean square of the generated electrical power is illustrated in figure 6 . As it can be seen from this figure, by increasing wave height and point mass, the value of the root mean square of the generated electricity power increases. After studying the energy harvesting with implementation of piezoelectric materials, fault diagnosis of the system is studied by the produced voltage and the fuzzy logic method.
Latin
For simulating faults of the structure, stiffness of torsional spring and Young module of the modeled beam is reduced as follow: 
Where w is the specific feature, u and d describe the undamaged and damaged condition of the structure. Moreover, to obtain the specific features, power spectrum density is applied to output voltage signal, which is created by piezoelectric patches and finally the resulted frequencies of the signal in frequency domain are chosen as the features. Additionally, faults of the torsional spring stiffness and Young module of the beam are simulated by a reduced value of 10, 20, 30 percentage. These faults are classified such that a 10%, 20% and 30% damages are called slight damage, moderate damage and severe damage respectively. The input set of fuzzy logic is the calculated features of the structure (x) and the condition of structure (y=F(x)) is the output, which is defined as:
{ } 
As it can be noticed from Eq. (29), there are seven classes related to condition of the structure. The output of the classification method is a number which shows the number of the class. Moreover, uncertainties are considered in this method. Thus, uncertainties in Young module, second moment of inertia, inner and outer radius of the beam, stiffness of torsional spring, wave period and the point mass of the model are considered. Uncertainties are determined by uniform distribution of random numbers in the range of maximum and minimum value of the uncertain parameters as follow:
Where min P and max P are the minimum and maximum uncertainty of the parameter and rand is the uniform random number. min P and max P are described in Eq. (31) and 0 P is the normal value of the parameter. Also the uncertainty value is equal to 3% for all parameters. 0.03 0.03
After simulating the TLP structure and determining the output voltage, produced by piezoelectric patches, frequency spectrum of output voltage is computed. The dominant peaks are presented and the frequencies are considered as the input features of the fuzzy system. For example, figures 7 and 8 illustrate the damage with 10% reduction of Young module and torsional spring stiffness respectively, which is also compared with the undamaged condition. There is a demand for an expert to predict the intensity and location of the fault by observing figures 7 and 8. Moreover, diagnosing faults by an expert is complex. Therefore, there should be a smart system like fuzzy classification to determine type and intensity of the faults.
To determine the mean and variance of each Gaussian functions, which are introduced in Eq. (27), (29) simulations are done for each of the classes, and are expressed in Eq. (19) and after determining the frequency spectrum of the response, resulted parameters are shown in Table 1 and 2.
It should be noted that, choosing variance for fuzzy set is crucial, because it affects operation of fuzzy logic. This is based on the fact that, each of the fuzzy sets should have a suitable width, in the case of determining the differences between measured data.
Gaussian membership functions of ω1, ω2, ω3 and ω4 are illustrated in figures 9 and 10. It should be mentioned that, in each of the figures there are seven Gaussian membership functions for different classes and ω. By analyzing figures 9 and 10, the condition of the structure is defined. Moreover, a human operator cannot recognize the specific class by observing these figures and by comparing values of resulted frequencies with mean value of the plotted functions. Therefore, a fuzzy classification method is required here. As it was described before, in this system four frequencies are considered as an input and by substituting those into Eq. (28) and also by using Eq. (29) the condition of the system will be diagnosed. After defining the membership functions which were illustrated in latest figures, the proposed method should be evaluated. For this purpose, another 100 simulations is done for each condition and non-correspond to the training part. After determining four frequencies related to each simulation and considering these frequencies as an input to the fuzzy system and classification operation on these 4 data, number of class will be produced and by comparing this number with the correct number of the class in each simulation, success rate is computed. Consequently, success rate of each fault is calculated and subsequently total success rate is also determined. Additionally, all of these works are done for various values of Signal to Noise Ratio (SNR), and 4 different values of SNR are considered and the results are summarized in Table 4 . 
